Cork oak (Quercus suber L.) is an autochthonous tree species that is being used for reforestation in heavy metal-contaminated areas in Spain. A hydroponics experiment was carried out to characterize the effects of Cd on several morphological and physiological parameters in this species, including shoot length, nutrient concentrations and allocation in different organs, leaf pigment concentrations, photosynthetic efficiency, root ferric chelate reductase activity, and organic acid concentrations in 
Introduction
Cork oak (Quercus suber L.) is a sclerophyllous evergreen tree species adapted to dry summer conditions (Faria et al. 1996 , Pausas et al. 2009 ), which covers over 2.4 million ha in different Mediterranean countries (Montero and Cañellas 1999) . This woody species is exploited for cork production (annual production over 300,000 t cork) in Portugal and Spain, in more than a million ha of otherwise poor, calcareous soils (Bueno et al. 1992 , Montero and Cañellas 1999 , Toribio et al. 2005 .
The knowledge on the physiological responses of trees to environmental changes is still incomplete, despite the fact that over two thirds of global terrestrial productivity occurs in forest ecosystems. The existing data suggest that long-lived trees are likely more sensitive to environmental changes, and the study of the impact on forest trees of different stresses such as climate change and contamination due to human activities is necessary to achieve a sustainable management of forestry resources.
One of the major environmental problems caused by human activities is the contamination by heavy metals (Nriagu 1990 ). Cadmium, a heavy metal not essential for plant metabolism, has become a major environmental pollutant, which arises not only from industrial processes but also from the use of phosphate fertilizers that contain significant amounts of Cd (Kopittke et al. 2010) . Cadmium is acquired from the rizhosphere by plants mainly via divalent metal transporters (for reviews see DalCorso et al. 2008 , Verbruggen et al. 2009 ). Once in the plant, Cd could be transferred to the food chain, constituting a potential threat for human health (Dudka and Miller 1999 , Moulis and Thévenod 2010 , Thévenod 2010 . Therefore, there is a need to understand the role of plants in Cd-contaminated environments (Nordberg 2004) . The effects of Cd toxicity on the physiology of plants have been studied under different viewpoints, generally using crop plant species (López-Millán et al. 2009b , Rodríguez-Celma et al. 2010 . Woody plants have the potential to act as long-term sinks of heavy metals.
Although a number of studies have been carried out with woody plants treated with heavy metals, including Cd (Arduini et al. 1996 , Kim et al. 2003 , Capuana 2011 , Domínguez et al. 2011 , the only published study on the effects of heavy metals on cork oak was carried out using Zn (Disante et al. 2011 ).
The complexity of the toxicity effects of Cd on plants makes it difficult to distinguish between direct and indirect mechanisms of action (Baszynski 1986 , Barceló and Poschenrieder 1990 , Krupa and Baszynski 1995 , Siedlecka and Krupa 1999 , Abe et al. 2008 ). One of the most common symptoms of Cd toxicity is leaf chlorosis, and this is generally attributed to the interaction between Cd and Fe (Siedlecka and Baszynski 1993 , Jalil et al. 1994 , López-Millán et al. 2009b . Cadmium exposure leads to serious disturbances of physiological processes, such as an inhibition of chlorophyll synthesis, a diminution of the pools of Fe-containing electron carriers in the photosynthetic apparatus and decreased growth of roots and leaves (Miller et al. 1984 , Vázquez et al. 1992 , Siedlecka and Baszynski 1993 , Krupa and Baszynski 1995 , Fodor et al. 2005 , DalCorso et al. 2008 , Gonçalves et al. 2009 ). Also, it has been demonstrated that the changes in thylakoid structure and composition are similar in Cdtreated and Fe-deficient poplar plants (Sárvári et al. 2001 .
Cadmium is usually immobile in soils, and removal and replacement of contaminated soils is very expensive (ca. 3 million $ ha -1 ) and, therefore, unrealistic in view of the widespread occurrence of Cd in the environment (Moulis and Thévenod 2010) .
Therefore, phytoremediation management strategies, including phytoextraction and phytostabilization can be an alternative. Phytoextraction with species accumulating large amounts of Cd can provide low cost remediation (Chaney et al. 2004 ).
Phytoremediation strategies for heavy metal pollutants have focused on hyperaccumulation plants, although tree species such as poplar or willow have been used as well for this purpose (Capuana 2011) . In Spain, studies with woody species are being developed in contaminated areas along the Guadiamar River, near the Doñana National Park, which were contaminated by the 1998 toxic waste spill (Carrascal et al. 2008 ).
The trace element accumulation has been measured in several woody plant species in the area, but cork oak was not among the species studied (Domínguez et al. 2008 (Domínguez et al. , 2009 (Domínguez et al. , 2010 (Domínguez et al. , 2011 . However, cork oak is one of the autochthonous species that is being used to reforest land in this contaminated area (Garrido 2008) .
The aim of this work was to provide a better understanding of the physiological responses of cork oak (Quercus suber L.) to Cd. Cork oak plants were grown in nutrient solution with excess Cd, and the effects were compared with those of Fe deficiency in the same species (Gogorcena et al. 2001) . Results obtained indicate that the growth of cork oak is already affected at low concentrations of Cd, and also that this species can withstand high Cd concentrations in the growth medium. Also, signs typical of Fe deficiency appear in cork oak treated with Cd. Results obtained provide practical information for the possible use of cork oak in the reforestation of contaminated areas in Mediterranean forests.
Materials and Methods

Plant Culture
Cork oak (Quercus suber L.) acorns were germinated in plastic containers, filled with wet sand, at 22ºC and during 15-20 days. When roots were approximately 2-3 cm long and the first two leaves were developed, plants were transferred to a continuously aerated hydroponics nutrient solution, and grown for approximately 15 days in the conditions indicated in Gogorcena et al. (2001) These Cd doses were chosen based in previous experiments carried out with annual plants (Larbi et al. 2002) . The treatments were maintained for four weeks, adjusting the pH to 5.5 every two days and renewing nutrient solutions at day 15. Plants were grown at a photosynthetic photon flux density (PPFD) of 250-300 µmol m 
Chemical speciation studies
The different metal species and concentrations present in the solutions were estimated using MINTEQA2 software v. 3.10 (US Environmental Protection Agency, Washington DC). This kind of software is able to predict the chemical species present and their concentrations, using known chemical constants as well as pH and ionic force values, always considering the system has reached chemical equilibrium.
Analysis of mineral nutrients and cadmium
The mineral composition of each plant fraction (leaves, stems and roots) was determined as described previously (AOAC 1990 , Igartua et al. 2000 . Roots were washed thoroughly, first with analytical-grade type II water (Milli-RX, Millipore, Bedford, MA, USA), then with slightly acidified pure water (with a few drops of HCl) and finally again with type II water (Milli-Q, Millipore). Samples were dried in an oven at 60 °C for 48 hours. Potassium was measured by flame emission spectroscopy, and Ca (after La addition), Mg, Fe, Mn, Cu and Zn were measured by flame atomic absorption spectrophotometry. Results were expressed as percentage of dry weight (DW) for macronutrients (P, K, Mg and Ca) and as µg g -1 of DW for micronutrients (Fe, Mn, Cu and Zn) . For Cd determination, samples (leaves, stems and roots) were dried at 60 °C and ground, and digestion of dried material and analysis were made as described in Lozano-Rodríguez et al. (1995) . Results were expressed as µg Cd g 
Photosynthetic pigment analysis
After four weeks of the imposition of Cd treatment, leaf disks were cut from the 2 nd and 3 rd fully-expanded leaves with a calibrated cork borer, wrapped in aluminum foil, frozen in liquid-N 2 , and stored at -20 °C. Leaf pigments were later extracted with acetone in the presence of Na ascorbate and stored as described previously (Abadía and Abadía 1993) . Pigment extracts were thawed on ice, filtered through a 0.45 µm filter and analyzed by HPLC-Vis (Larbi et al. 2004) . Samples were taken pooling leaf disks from several plants. Data shown are means ± SE of 11-13 samples, obtained from plants grown in four different batches.
Modulated chlorophyll fluorescence analysis
Modulated chlorophyll (Chl) fluorescence measurements were made in attached leaves in the growth chamber with a PAM 2000 portable fluorometer (H. Walz, Effeltrich, Germany), as described in detail in Larbi et al. (2004) and references therein. 
In vivo root ferric chelate reductase activity
The root FC-R activity was assessed by measuring the formation of the Fe(II)-bathophenanthroline-disulfonic acid (BPDS 3 ) complex from Fe(III)-EDTA. Excised root tips, 2-3 cm long, were placed in the dark in Eppendorf tubes containing 930 µl 10 mM MES, pH 5.5, 400 µM BPDS and 500 µM Fe (III)-EDTA. After 10 min, roots were removed, the solution centrifuged and the absorbance of the supernatant was measured at 535 nm as described in detail in Gogorcena et al. (2001) . The sample used consisted of several root tips from different plants. Data are means ± SE of 3-7 samples from two independent plant batches.
Xylem sap isolation
Xylem sap was obtained from plants grown four weeks under the different Cd treatments. Plants, approximately 14-22 cm in length, were devoid of roots and brought to the laboratory immersed in water to prevent drying. The cutting was devoid of the basal 3-4 cm of the bark next to the cut surface, which was then rinsed with type II water. The cutting was then placed in a Schölander chamber with the distal end, including leaves, inside the pressure chamber. Pressure was then applied in a step-wise manner, to approximately 10-15 bar. Xylem sap was collected for 3-5 min in Eppendorf tubes, after discarding the first few drops of exudate to avoid contamination (Engels and Marschner 1992) . Total xylem sap volume collected was approximately 500 µL per plant. Malate dehydrogenase activity (MDH, EC 1.1.1.37) was used as cytosolic contamination marker. The level of contamination found was always below the limit of detection.
Organic acid analysis
Xylem sap samples were first filtered with a 0.5 µm filter (LIDA, Kenhosa, WI, USA), and organic acids were analysed by HPLC-UV using a 300 x 7.8 mm Aminex ionexchange column (HPX-87H from Bio-Rad, Hercules, CA, USA) using the method described elsewhere (López-Millán et al. 2000) . Peaks corresponding to citrate, malate, malonate, fumarate and oxalate were identified by comparison of their retention times with those of known standards from Bio-Rad and Sigma-Aldrich (St Louis, MO, USA).
Data shown are means ± SE of 4-11 replicates from three independent plant batches.
Statistical analysis
Statistical analyses were carried out by one factor ANOVA, using the SPSS v. 19.0 software (Chicago, IL, USA). For ANOVA analysis, we tested normality, homogeneity of variances and independency. Normality was tested using Kolmogorov-Smirnov and Shapiro-Wilk tests and the homocedasticity using Levene test. Only the variable "Final shoot length" was transformed and analyzed as ln to correct heterocedasticity. A Duncan's test was used to separate means obtained from different treatments. The specific number of replicates and statistical significations are indicated in each table and figure caption.
Results
Chemical speciation
In 
Plant growth
All Cd treatments hampered plant growth compared to control plants, although root morphology was not affected by the heavy metal treatments used (not shown). Before imposing Cd stress (after two weeks of growth under controlled conditions), plants were approximately 13-15 cm in height, and no significant differences were found among plants selected for the different treatments (Table 2) . At the end of the Cd treatment period, four weeks later, plants had grown approximately 7.9, 2.8, 2.6, 1.6 and <0.1 cm in the 0 Cd, 10 µM Cd(II)-EDTA, 50 µM Cd(II)-EDTA, 10 µM CdCl 2 and 50 µM CdCl 2 treatments, respectively, indicating that growth had practically ceased in the 50 M CdCl 2 treatment and was significantly decreased in the rest of the Cd treatments (Table 2) . 
Plant Cd concentrations
Leaf photosynthetic pigment composition
Cadmium toxicity led to visual symptoms of chlorosis in young leaves, whereas old leaves remained green. The apical part of shoots grew in rosettes, especially in the treatments with Cd(II)-EDTA. The concentrations per unit area of all major photosynthetic pigments were similarly affected by all Cd treatments, with decreases of 45-52% for total Chl and 40-47% for carotenoids (Table 3) . However, when considering the violaxanthin cycle pigments, violaxanthin (V) plus antheraxanthin (A) and zeaxanthin (Z), thereafter referred to as (V+A+Z) pigments, no significant changes were found in the Cd treatments when compared to the control, although the differences in the (V+A+Z) concentrations found between the 10 and 50 M Cd(II)-EDTA were statistically significant (Table 3) . On the other hand, the Chl a/b ratio increased significantly in the leaves of plants treated with 10 and 50 M Cd(II)-EDTA, from 3.3 to 3.8-3.7 (Table 3 ). The ratios (V+A+Z) pigments/total Chl increased significantly in all Cd treatments, whereas the (Z+A)/(V+A+Z) ratios showed increases with Cd, although in the 50 µM Cd(II)-EDTA treatment changes were not statistically significant at P<0.05 (Table 3) .
Chlorophyll fluorescence parameters
Cadmium treatments induced a moderate decrease (9-18%) in the dark-adapted efficiency of PSII, assessed by the F V /F M ratio, when compared to control values ( Figure 3A) . The PSII efficiency at steady-state photosynthesis ( PSII ) was also decreased by approximately 30-50% by all Cd treatments ( Figure 3B ). This decrease was associated with a 15-30% decrease in intrinsic PSII efficiency ( exc ) ( Figure 3C) and a 14-27% decrease in the proportion of open, oxidized PSII reaction centers (estimated by qP, Figure 3D 
Organic acid concentrations in xylem sap
The concentrations of the organic acids citrate, malate, malonate, oxalate and fumarate were determined in xylem sap of cork oak. Significant xylem sap increases were found ) (Larbi et al. 2002) . In other plant species such as tomato, poplar, Holm oak or Pinus sylvestris, plant growth was also markedly reduced with Cd stress (Moral et al. 1994 , Kim et al. 2003 , Fodor et al. 2005 , López-Millán et al. 2009b , Domínguez et al. 2011 . In Holm oak, biomass was also altered by exposure to Cd in controlled conditions, although seedlings showed a relatively high tolerance to the extremely high Cd accumulation in the roots and in the leaves (Domínguez et al. 2011 ).
Cork oak plants seem to be very efficient in preventing large amounts of Cd to enter the plant. The Cd concentrations found in the aerial part of cork oak (7-20 and 11-123 µg Cd g -1 DW in leaves and stems, respectively) were similar to those found in Holm oak (Domínguez et al. 2011 ) but markedly lower than those found with the same treatments in sugar beet (>200 µg Cd g DW (Gogorcena et al. 2001) . Decreases in leaf Mn concentrations were found, but concentrations did not reach deficiency levels. Disturbances in the uptake and distribution of micronutrients with Cd toxicity have been found in other species. A decrease in leaf Mn with Cd was also observed in other plant species grown with Cd (Hernández et al. 1998 , Larbi et al. 2002 , Clemens 2006 , Rodríguez-Serrano et al. 2009 , Kopittke et al. 2010 ). An accumulation of Cu and Zn in roots has been observed in sugar beet and tomato plants grown with CdCl 2 (Larbi et al. 2002 , López-Millán et al. 2009b ). The decreases in Mn (in leaves) and Zn (leaves and stems), and the increases in Cu (roots and stems) and Zn (roots) are likely be associated to competition with Cd in some step(s) of the divalent metal acquisition or transport processes, since many metal transporters can work with different divalent metal ions (Küpper and Kochian 2010, Solti et al. 2011) .
Although Cd treatments led to some decreases in the P and Ca concentrations in cork oak, the minimal values obtained were approximately 0.2% and 0.5% DW, respectively, within the ranges common in other Quercus species (Benton Jones et al. 1991) , and therefore do not suggest the presence of a deficiency. A deficiency of P has also been found in leaves of Quercus ilex in soils contaminated with Cd (Domínguez et al. 2010 ).
The relatively low Ca concentration in leaves and stems of cork oak in the presence of Cd is likely to be due to the known competition between Ca and Cd in the Ca plasma membrane transporters (Clemens 2006 (Kim et al. 2003 ) and leaves of beans and tomato plants (Ouariti et al. 1997 ).
The photosynthetic pigment and chlorophyll fluorescence responses of cork oak to Cd stress indicate a moderate photosynthetic apparatus stress, and bear some similarities with those occurring in the same species with Fe deficiency. In Fe-deficient cork oak plants, a marked decrease (87%) of photosynthetic pigments on an area basis was found, along with significant Chl a/b ratio increases (from 3.1 to 4.8; Gogorcena et al. 2001 ).
The relative increase in the amount of protective pigments as well as the functioning of the (V+A+Z) cycle, demonstrated by the increases in the (V+A+Z) pigments/total Chl and (Z+A)/(V+A+Z) ratios, often occurs in response to Fe deficiency (Larbi et al. 2006) and has also been found in Cd stress in sugar beet (Larbi et al. 2002 , Chang et al. 2003 , potato (Gonçalves et al. 2009 ) and tomato (López-Millán et al. 2009b ). In the case of cork oak, the increases in the Chl a/b, (V+A+Z) pigments/total Chl and (Z+A)/(V+A+Z) ratios with Cd were less marked than those found with Fe deficiency (Gogorcena et al. 2001) . Also, the decreases in photosynthetic pigments, including Chl, were similar in all Cd treatments and much lower than those present in the same species upon Fe deficiency (Gogorcena et al. 2001) . On the other hand, changes found in chlorophyll fluorescence were similar to those found in Fe-deficient cork oak plants (8, 43, 21 and 24% decreases for F V /F M ,  PSII ,  exc and qP, respectively, and 38% increases in NPQ; Gogorcena et al. 2001) , Cd-treated sugar beet (Larbi et al. 2002) and Holm oak (Domínguez et al. 2011) . These changes in Chl fluorescence parameters indicate that high Cd in the nutrient solution leads to an impaired PSII activity, which occurs concomitantly to a relative increase in the amount of (V+A+Z) pigments per Chl and to an increase in the de-epoxidation state of the violaxanthin cycle pigments [as indicated by the (Z+A)/(V+A+Z) ratio], similarly to what occurs with Fe deficiency (Larbi et al. 2006 and references therein). Similar decreases were found in F V /F M in cork oak when plants were treated with Zn concentrations over 150 µM (Disante et al. 2011 ).
The increases in root FCR activity and xylem sap carboxylates point out to the presence of a Cd-induced Fe shortage, even though demand for Fe was low due to a stopped growth and plant Fe concentrations were still within the adequate range.
Changes in root FCR activities found were similar to those found in cork oak grown in Fe deficiency conditions (4-fold increases in FCR, Gogorcena et al. 2001) . Also, the root FCR activity showed similar increases in sugar beet plants treated during 7-10 days with Cd (Larbi et al. 2002 , Chang et al. 2003 . However, in tomato plants grown with 10 and 100 M CdCl 2 the root FCR activity decreased when compared to the controls (López-Millán et al. 2009b ). On the other hand, increases in carboxylates, especially citrate and malate, are known to occur in the xylem sap of many plants under Fe deficiency (Nikolic and Römheld 1999 , López-Millán et al. 2009a , Larbi et al. 2010 ) and Zn toxicity (Sagardoy et al. 2011) . Increases in the amount and activity of enzymes involved in carboxylate synthesis have been found in roots with Fe deficiency ), Cd toxicity (López-Millán et al. 2009b , Rodríguez-Celma et al. 2010 ) and Zn toxicity (Sagardoy et al. 2011) .
Regarding the possible use of cork oak to reforest metal contaminated areas, results indicate that at low Cd concentrations cork oak may be used to cover the land (i.e., in phytostabilization practices), although significant decreases in tree growth can be expected. The low concentrations of Cd in all plant parts and the cessation of growth found at high Cd concentrations strongly suggest that cork oak is not suitable for extracting large amounts of metals. In any case, if cork oak is grown in contaminated areas trees are likely to have relatively low Cd concentrations in the aboveground parts, therefore limiting adverse effects on the environment. Further experiments with adult trees should be envisaged to identify the mechanism by which Cd is excluded. 
